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The  performance  of  electrode  supported  solid  oxide  cells  is  often  limited  by  gas  transport  in  the  thick 
electrode  support.  In  this  study,  a  novel  functionally  graded  acicular  hydrogen  electrode  microstructure 
has  been  fabricated  by  the  freeze-tape-casting  method.  The  effects  of  freeze-tape-casting  processing 
parameters  such  as  solid  loading,  freezing  bed  temperature  and  tape  pulling  rate  on  the  morphology  of 
the  hydrogen  electrode  support  have  been  investigated.  The  electrochemical  performance  of  the  cells 
having  the  novel  functionally  graded  acicular  hydrogen  electrode  has  been  significantly  improved.  In  the 
fuel  cell  mode,  a  high  power  output  of  1.28  W  cm-2  and  a  low  polarization  resistance  of  0.166  Q  cm2  have 
been  achieved  at  800  °C  with  H2  as  fuel  and  ambient  air  as  oxidant  using  nickel— yttria-stabilized  zirconia 
(YSZ)  as  the  hydrogen  electrode,  YSZ  as  the  electrolyte,  and  (Lao.75Sro.25)o.95Mn03— YSZ  as  the  oxygen 
electrode.  In  the  electrolysis  mode,  a  high  current  density  of  2.3  A  cm-2  with  30  vol%  absolute  humidity 
in  the  hydrogen  electrode  at  800  °C  has  been  achieved  with  an  applied  cell  voltage  of  1.6  V.  It  has  been 
revealed  that  the  novel  acicular  hydrogen  electrode  decreases  the  gas  diffusion  resistance,  thus 
enhancing  the  cell  performance. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  cells  (SOCs)  have  attracted  a  great  attention  as  one  of 
most  promising  technologies  since  they  can  be  operated  efficiently 
in  fuel  cell  mode  (solid  oxide  fuel  cells,  SOFCs)  and  electrolysis  mode 
(solid  oxide  electrolysis  cells,  SOECs).  Currently,  there  are  two  basic 
designs  for  SOFC  and  SOEC  development:  electrolyte  supported  and 
electrode  supported  solid  oxide  cells  [1].  In  electrolyte  (typically 
yttria  stabilized  zirconia,  YSZ)  supported  cells,  the  electrolyte’s 
ohmic  resistance  limits  the  overall  cell  performance  due  to  the 
thickness  of  electrolyte,  which  is  typically  more  than  100  pm,  and 
thus  such  cells  usually  are  only  suitable  for  operation  at  high 
temperature  such  as  1000  °C.  In  electrode  supported  cells,  the 
electrolyte  thickness  can  be  decreased  to  10-20  pm,  significantly 
decreasing  the  cell  ohmic  resistance  [2,3].  Therefore,  electrode 
supported  cells  are  more  suitable  for  operation  at  intermediate  or 
low  temperature  applications.  Nickel  based  composite  hydrogen 
electrode  (Ni-YSZ)  has  been  the  most  developed  electrode  for 
electrode  supported  solid  oxide  cells  since  it  provides  excellent 
thermal  and  electrical  conductivity,  high  strength  and  high  electro¬ 
chemical  catalytic  capability.  Further,  composite  hydrogen  electrode 
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can  also  extend  the  length  of  triple  phase  boundary  (TPB).  However, 
the  polarization  resistance,  especially  concentration  polarization 
may  rise  significantly  resulting  from  the  resistance  to  mass  transport 
through  thick  electrode.  In  addition,  insufficient  removal  of  water 
steam  during  high  temperature  operation  both  in  SOFC  and  SOEC 
modes  can  also  result  in  Ni  oxidation  and  agglomeration  [4]. 

It  is  widely  reported  that  the  electrode  structure  can  be  modi¬ 
fied  to  minimize  both  activation  and  concentration  polarization 
[5-7].  Suzuki  et  al.  [5]  have  reported  a  power  density  of  greater 
than  1  W  cm-2  at  600  °C  with  a  conventional  but  highly  porous 
nickel  cermet  anode  supported  SOFC  by  controlling  the  micro¬ 
structure  of  the  anode.  Providing  sufficient  porosity  of  the  anode 
leads  to  significant  improvement  of  the  cell  performance.  Othman 
et  al.  [6]  have  also  reported  a  high-performance  micro  tubular 
SOFC,  which  demonstrates  a  power  density  of  up  to  2.32  W  cm-2  at 
600  °C,  achieved  by  increasing  the  effective  anode  porosity  through 
adjustment  of  co-extrusion  parameters.  The  presence  of  fingerlike 
structure  in  the  asymmetric  anode  layer  significantly  improves  the 
gas  diffusion  by  functioning  as  a  set  of  hundreds  of  micro-channels 
in  the  anode,  subsequently  enhancing  the  cell  performance.  It  can 
be  concluded  that  both  porosity  and  microstructure  play  important 
roles  in  dictating  the  cell  performance. 

Freeze-tape-casting,  which  combines  tape-casting  and  freeze¬ 
casting  process  to  form  and  control  complex  pore  structure,  has 
been  applied  in  the  field  of  manufacturing  catalyst  support 
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structures,  solid  oxide  fuel  cells  and  filtration  membranes  [8-10]. 
Continuously  graded  pores  and  long-range  alignment  of  acicular 
pores  (<5—100  pm),  which  are  very  helpful  for  gas  delivery  in 
electrode,  can  be  obtained  through  freeze-tape-casting  process. 
However,  freeze-tape-casting  typically  creates  macro  pores  in  both 
the  bottom  and  the  top  of  surfaces  of  the  electrode  substrates, 
dramatically  increasing  the  difficulty  in  obtaining  a  large  area 
defect-free  dense  thin  electrolyte  film.  Introduction  of  a  thin  elec¬ 
trode  functional  layer  has  been  shown  to  be  an  effective  method  to 
overcome  this  limitation  and  improve  the  adhesion  between 
electrode  and  electrolyte  [11,12].  In  addition,  the  length  of  triple 
phase  boundary  (TPB)  can  be  extended,  where  electronic  phase, 
ionic  phase  and  gas  meet  together,  thus  resulting  in  more  effective 
electrochemical  reaction  sites.  The  NASA  Glenn  Research  Center  has 
developed  a  novel  cell  design  and  freeze-tape-casting  technique  to 
produce  solid  oxide  fuel  cells  predicted  to  exceed  a  specific  power 
density  of  1.0  kW  kg-1  [9,13].  Their  bi-electrode  supported  cells  are 
symmetrically  prepared  by  taking  two  green  parts  cut  from  the 
same  freeze-tape-casted  YSZ  scaffold,  depositing  a  thin  electrolyte 
layer  between  the  tapes,  laminating  the  tapes  together,  and  form¬ 
ing  the  YSZ  tri-layer.  Ni  nitrates  for  the  hydrogen  electrode  and 
stoichiometric  solution  of  Sr-doped  LaFeOs  for  air  electrode  can  be 
infiltrated  into  the  YSZ  scaffold.  The  symmetric  design  balanced 
mechanical  stress  and  improved  strength  upon  thermal  cycling. 
One  major  concern  with  this  design  is  the  use  of  the  wet  infiltration 
technique  for  the  electrode  fabrication.  Fine  metallic  Ni  particles 
are  susceptible  to  coarsening  at  high  cell  operating  temperatures, 
leading  to  loss  of  electrical  connectivity  as  well  as  reduction  in  the 


TPB  sites  in  the  hydrogen  electrode,  consequently  resulting  in 
potential  fast  cell  performance  degradation. 

Here,  we  report  high-performance  asymmetric  solid  oxide  cells 
with  the  hydrogen  electrode  supported  prepared  by  freeze-tape- 
casting  using  the  conventional  Ni-YSZ  cell  material.  The  effects  of 
solid  loading,  freezing  bed  temperature  and  casting  tape  pulling  rate 
on  the  morphology  of  the  hydrogen  electrode  substrate  have  been 
investigated.  The  button  cells  fabricated  in  this  work  consist  of 
NiO-YSZ  (mass  ratio  =  6:4)  for  the  hydrogen  electrode  support  and 
the  functional  layer,  YSZ  for  the  electrolyte  and  (Lao.75Sro.25)o.95Mn03 
(LSM)— YSZ  for  the  oxygen  electrode.  All  materials  used  are 
commercially  available.  The  micro  structure  features,  pore  size  and 
size  distributions  and  electrochemical  performance  of  cells  in  both 
fuel  cell  as  well  as  electrolysis  modes  have  been  systematically 
evaluated. 

2.  Experimental 

2.1.  Fabrication  of  substrates  and  single  cells 

NiO  (Sigma— Aldrich,  USA)  and  YSZ  (8YSZ,  Tosoh  Company, 
Japan)  powders  were  purchased  in  this  study.  Water  based 
NiO-YSZ  slurry  was  prepared  with  an  ammonium  polyacrylate 
dispersant  (Darvan  C-N,  R.T.  Vanderbilt  Co.,  Inc.,  Norwalk,  CT), 
a  thickener  (Vanzan,  R.T.  Vanderbilt  Co.,  Inc.,  Norwalk,  CT),  and  an 
acrylic  latex  emulsion  binder  system  (Duramax  HA-12,  Rohm  & 
Haas,  Philadelphia,  PA).  The  freeze-tape-casting  apparatus  is 
similar  to  the  one  reported  in  Sofie’s  publication  [8].  After  frozen 
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Fig.  1.  Cross-section  SEM  images  of  Ni-YSZ  substrates  with  solid  loading  of:  (a)  15  vol%,  (b)  20  vol%  and  (c)  25  vol%;  and  (d)  pore  size  distribution  for  substrate  with  different  solid 
loading. 
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about  30  min,  the  NiO-YSZ  substrate  was  punched  into  pellets  with 
diameter  of  about  19  mm.  The  pellets  were  frozen  in  a  vacuum 
freeze  dryer  at  -30  °C  under  18  mtor  vacuum  for  12  h.  The  pellets 
were  first  pre-sintered  at  a  constant  heating  rate  of  1  °C  min-1  to 
600  °C  and  then  at  2  °C  min-1  to  1100  °C.  A  NiO-YSZ  functional 
layer  was  prepared  on  one  surface  of  the  pre-sintered  NiO-YSZ 
substrate  by  an  air-brushing  method  and  then  fired  at  800  °C  for 
2  h.  The  YSZ  electrolyte  film  was  prepared  on  the  NiO-YSZ  func¬ 
tional  layer  by  a  dip-coating  method.  The  NiO-YSZ  substrate  with 
functional  layer  and  electrolyte  layer  was  then  co-sintered  at 
1400  °C  for  5  h.  The  LSM-YSZ  composite  oxygen  electrode  with  an 
effective  area  of  0.33  cm2  was  prepared  on  the  YSZ  electrolyte 
surface  by  a  screen-printing  method  and  then  sintered  at  1100  °C 
for  2  h.  For  comparison,  anode  supported  cells  with  the  same 
electrolyte  and  cathode  materials  have  also  been  prepared  by  dry¬ 
pressing,  dip-coating  and  screen-printing  method.  For  the  micro¬ 
structure  study,  the  NiO-YSZ  substrates  without  YSZ  film  were 
prepared  by  sintering  the  green  substrates  at  1400  °C  for  5  h  and 
then  reduced  at  800  °C  for  12  h  in  hydrogen. 

2.2.  Characterization 

The  microstructure  of  the  Ni— YSZ  hydrogen  electrode 
substrate  was  characterized  using  a  scanning  electron  microscope 
(SEM,  FEI  Quanta  200).  Pore  size,  pore  size  distribution  and 
porosity  of  the  Ni-YSZ  substrate  were  determined  by  a  mercury 
intrusion  method  (Micromeritics  AutoPore  IV  9500).  The  current 
density-voltage  curves  as  well  as  the  impedance  spectra  of  the 


solid  oxide  cells  were  measured  with  a  four  probe  method  using 
a  multi-channel  Versa  STAT  (Princeton  Applied  Research)  at  the 
operating  temperature  range  from  700  °C  to  800  °C.  The  cell 
electrochemical  performance  testing  system  can  be  seen  in  our 
previous  work  [14].  In  the  SOFC  test,  humidified  hydrogen  (3% 
H2OI97%  H2)  was  used  as  fuel  while  ambient  air  was  used  as 
oxidant.  In  the  SOEC  test,  the  amount  of  water  vapor  in  the  gas 
mixture  in  the  hydrogen  electrode  was  continuously  measured  in 
terms  of  absolute  humidity  (ATI,  the  vol%  of  humidity  in  the  total 
gas  volume)  using  an  on-line  humidity  sensor  (Vaisala  Model  HMP 
337).  Flydrogen  flow  rate  was  controlled  at  40  seem  by  a  mass  flow 
controller  (APEX,  Alicat  Scientific).  The  cell  polarization  resistance 
(Rp)  was  determined  from  the  difference  between  the  low  and 
high  frequency  intercepts  of  the  impedance  spectra  with  the  real 
axis  in  the  Nyquist  plot. 

3.  Results  and  discussion 

3.1.  Novel  microstructure  of  Ni— YSZ  prepared  by  freeze-tape- 
casting 

In  the  aqueous  freeze-tape-cast  process,  micron-sized  ice  crys¬ 
tals  start  to  form  in  the  casted  tape  at  the  Mylar  side  (lower 
temperature  region)  and  then  grow  larger  and  larger  towards  the 
top  of  the  tape.  A  natural  gradient  in  porosity  can  be  formed  after 
the  ice  crystals  have  been  removed  by  sublimation  in  a  freeze  dryer 
under  vacuum.  Therefore,  it  is  necessary  to  investigate  how  the 
processing  parameters  such  as  solid  loading,  freezing  bed 


Fig.  2.  Cross-section  SEM  images  for  Ni-YSZ  substrates  frozen  at  (a)  -70  °C,  (b)  -60  °C  and  (c)  -50  °C;  and  (d)  pore  size  distributions  for  the  respective  substrates. 
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temperature  and  tape  pulling  rate  affect  the  morphology  of  the 
casted  tape. 

Fig.  1  shows  the  morphology  features,  pore  size  and  pore  size 
distribution  of  Ni-YSZ  substrates  with  different  solid  loading 
varied  from  15  vol%  to  25  vol%  while  keeping  the  freezing  bed 
temperature  at  -60  °C  and  the  tape  pulling  rate  at  48  mm  min-1. 
The  acicular  pores  grew  perpendicular  to  the  freezing  bed.  There 
seems  to  be  a  loss  of  pore  size  and  pore  alignment  and  continuity 
with  the  increase  in  the  solid  loading  of  the  slurry.  The  porosities  of 
the  Ni-YSZ  substrates  are  60.88%,  49.01%  and  37.57%  when  the 
solids  loading  are  15  vol%,  20  vol%  and  25  vol%,  respectively.  During 
the  solidification  of  the  slurry,  the  slurry  changed  into  ice  crystals 
and  ceramic  walls  because  the  ceramic  particles  were  rejected  by 
the  growing  ice  crystals.  The  small  ice  crystals  can  develop  into 
large  crystals  in  the  lower  solid  loading  slurry  while  the  pores  in 
freeze-tape  casted  samples  are  generated  by  sublimation  of  the  ice 
crystals.  Therefore,  as  shown  in  Fig.  1  (a),  the  substrate  with  lower 
solid  loading  has  larger  pores  and  porosity.  The  pore  size  distri¬ 
bution  of  the  substrates  with  different  solid  loading  can  be  seen  in 
Fig.  1  (d).  The  average  pore  sizes  for  the  substrates  with  solid 
loading  of  15  vol%,  20  vol%  and  25  vol%  are  approximately  46.64, 
19.68  and  8.30  pm,  respectively.  The  effect  of  solid  loading  on  the 
microstructure  can  be  attributed  to  the  following  reasons:  on  one 
hand,  the  bottom  of  the  slurry  in  the  casted  tape  was  first  frozen  so 
that  ice  crystals  grew  very  fast  with  many  fine  ice  crystals  resulted 


from  the  temperature  gradient  due  to  the  temperature  at  the 
bottom  of  the  slurry  was  lower  than  that  at  the  top  of  slurry;  on  the 
other  hand,  the  interaction  between  ceramics  and  ice  crystals 
became  stronger  and  the  growth  of  ice  crystals  was  hindered  by  the 
ceramic  particles  in  the  higher  solid  loading  slurry. 

Fig.  2  shows  the  effect  of  freezing  bed  temperature 
(-70  °C,  -60  °C  and  -50  °C)  on  the  morphology,  pore  size  and  pore 
size  distribution  of  Ni-YSZ  substrates  while  keeping  the  solid 
loading  at  20  vol%  and  the  tape  pulling  rate  at  48  mm  min-1.  All  of 
the  substrates  show  similar  pore  size  (around  18  pm)  and  pore  size 
distribution  behavior  due  to  the  same  solid  loading.  Flowever,  the 
difference  in  microstructure  is  still  obvious.  Pores  grown  in  lower 
temperatures  show  better  ordering  with  uniform  pore  size  and 
shape.  Lower  freezing  bed  temperature  can  lead  to  slower  growth 
rate  of  the  ice  crystals  and  introduce  some  dendritic  growth  of  the 
ice  crystals,  as  shown  in  Fig.  2  (a);  however,  this  is  also  accompa¬ 
nied  by  a  discontinuity  of  porosity. 

Fig.  3  shows  the  effect  of  pulling  rate  (36,  48,  60  mm  min-1)  on 
the  microstructure,  pore  size  and  pore  size  distribution  of  the 
Ni-YSZ  substrates  while  keeping  the  solid  loading  at  20  vol%  and 
the  freezing  bed  temperature  at  -60  °C.  There  are  distinct  differ¬ 
ences  in  the  morphology  of  the  Ni-YSZ  substrates  although  the 
pore  size  (around  18  pm)  and  pore  size  distribution  characteristics 
are  very  similar.  Slower  tape  pulling  rate  results  in  higher  growth 
rate  of  the  ice  crystals,  leading  to  less  tortuous  acicular  finer  pores 
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Fig.  3.  Cross-section  SEM  images  for  Ni-YSZ  substrate  prepared  from  different  tape  pulling  rate:  (a)  36  mm  min  a;  (b)  48  mm  min  1  and  (c)  60  mm  min  1;  and  (d)  pore  size 
distributions  for  the  respective  substrates. 
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in  the  low-temperature  region  in  the  substrate,  which  is  helpful  for 
fabrication  of  an  interlayer  or  dense  electrolyte  film  on  the  surface 
of  the  substrate. 

This  study  shows  that  the  processing  parameters  during  the 
freeze-tape-casting  have  significant  influence  on  the  porosity  and 
morphology  of  the  Ni-YSZ  substrates.  Lower  solid  loading  leads  to 
larger  porosity.  The  freezing  bed  temperature  and  pulling  rate 
affect  the  growth  rate  of  the  ice  crystals  in  the  casted  tape.  Higher 
ice  crystal  growth  rate  results  in  straight  and  less  tortuous  finer 
pores.  Consequently,  slurry  with  solid  loading  of  20  vol%,  freezing 
bed  temperature  of  -70  °C  and  the  tape  pulling  rate  of 
48  mm  min-1  have  been  chosen  in  this  work  to  fabricate  solid  oxide 
cells  for  electrochemical  performance  evaluation. 

3.2.  Electrochemical  performance  of  button  NiO—YSZ  supported 
SOFCs 

Fig.  4  shows  the  microstructure  features  of  the  hydrogen 
electrode-supported  solid  oxide  cells  and  the  surface  view  of  the 
YSZ  electrolyte.  The  cell  has  a  thick  NiO-YSZ  gas  transport  layer, 
a  thin  NiO-YSZ  hydrogen  electrode  functional  layer,  a  thin  dense 
YSZ  layer  and  a  thin  porous  LSM-YSZ  layer  with  thickness  of  about 
450,  15,  10  and  20  pm,  respectively.  The  novel  acicular  and 
perpendicular  pore  structures  seen  in  Fig.  4  (a)  and  (c)  are  cross- 
section  SEM  images  of  cell  before  and  after  the  cell  electro¬ 
chemical  performance  measurement.  Fig.  4  (d)  shows  the  surface 
view  of  the  YSZ  electrolyte.  The  novel  acicular  and  graded  pores  in 
the  hydrogen  electrode  can  be  formed  by  the  freeze-tape-casting 


method.  The  dense  YSZ  electrolyte  is  well  adhered  to  the  elec¬ 
trodes.  The  presence  of  acicular  pores  in  the  hydrogen  electrode 
substrate  will  facilitate  mass  transport  of  the  reactants  to  the  TPB  in 
the  functional  layer,  thus  accelerating  the  electrochemical  reactions 
in  the  electrode. 

Fig.  5  (a)  shows  the  cell  voltage,  current  and  power  output 
curves  of  cells  under  the  SOFC  mode  at  different  temperatures. 
Fig.  5  (b)  compares  the  cell  power  output  of  cells  prepared  by  either 
dry-pressing  or  freeze-tape-casting  method.  As  shown  in  Fig.  5  (a), 
the  cell  peak  power  densities  are  0.60, 0.95  and  1.28  W  cm-2  at  700, 
750  and  800  °C,  respectively,  almost  doubled  the  cell  output  values 
previously  reported  at  similar  testing  conditions  with  similar  cell 
materials  [15].  Under  similar  testing  conditions,  the  cell  power 
output  for  cells  fabricated  by  freeze-tape-casting  method  is  much 
higher  than  that  of  cells  fabricated  by  dry-pressing  method  (see 
Fig.  5  (b)).  The  cell  performance  is  even  higher  than  the  previous 
study  of  the  hydrogen  electrode  with  ceria  oxide  modification  [16], 
further  demonstrating  the  advantage  of  the  novel  acicular  pore 
structure  in  the  hydrogen  electrode  substrate. 

Fig.  6  (a)  shows  the  impedance  spectra  of  cells  measured  at 
different  temperatures  under  open  circuit  conditions.  The  cell 
ohmic  resistance  (ffa),  corresponding  to  the  high  frequency  inter¬ 
cept  of  the  impedance  spectra  with  the  real  axis  in  the  Nyquist  plot, 
is  0.14, 0.10  and  0.08  Q  cm2  at  700, 750  and  800  °C,  respectively.  The 
cell  polarization  resistance  ( Rp ),  determined  from  the  difference 
between  the  high  and  low  frequency  intercepts  of  the  impedance 
spectra  with  the  real  axis,  is  about  0.80, 0.32  and  0.17  Q  cm2  at  700, 
750  and  800  °C,  respectively.  As  shown  in  Fig.  6  (b)  and  (c),  in 


Fig.  4.  SEM  images  of:  (a)  and  (b)  cross  section  view  of  the  cell  before  testing:  (c)  cross  section  view  of  the  cell  after  electrochemical  performance  measurement  and  (d)  surface  of 
electrolyte  YSZ  before  the  cell  electrochemical  performance  measurement. 
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Current  density  /  Acm'2 


Fig.  5.  (a)  IV  and  IP  curves  of  cell  measured  at  different  temperatures  using  hydrogen 
as  fuel  and  ambient  air  as  oxidant;  (b)  Comparison  of  IV  and  IP  curves  of  cells  prepared 
by  either  dry-pressing  or  freeze- tape-casting  method  measured  at  800  °C. 


comparison  to  the  interfacial  resistance  of  the  cells  fabricated  by 
freeze-tape-casting,  dry-pressing  and  other  publications  [17-20], 
the  total  cell  electrode  polarization  resistances  in  this  study  are 
much  lower.  The  cell  electrode  polarization  resistance  comes  from 
the  resistance  of  the  gas  diffusion  and  gas  conversion,  i.e.,  gas 
diffusion  and  electrochemical  conversion  in  both  the  anode  and  the 
cathode.  Since  the  materials  for  both  the  anode  and  the  cathode  are 
almost  identical,  and  the  fabrication  method,  the  thickness  and 
microstructure  of  the  cathode  are  similar  in  all  the  different  studies, 
the  decrease  in  the  cell  polarization  resistance  could  be  attributed 
to  the  enhancement  of  the  anode  performance,  probably  due  to  the 
decreased  hydrogen/water  diffusion  limit.  The  gas  diffusion  resis¬ 
tance  through  the  anode  can  be  estimated  by  the  following  equa¬ 
tion  [7,21]: 


^Diffusion(anode) 


where  ^Diffusion( anode)  is  the  gas  diffusion  resistance  in  the  anode,  R 
is  the  universal  gas  constant,  T  is  the  absolute  temperature,  F  is  the 
Faraday’s  constant,  Za  is  the  anode  thickness,  DH2o,  h2  is  the  binary 
diffusion  coefficient  for  a  mixture  of  FI20  and  FI2,  Ta  is  the  tortuosity 
factor  of  the  hydrogen  electrode,  and  pa  is  the  volume  fraction 


Fig.  6.  (a)  Impedance  spectra  of  cells  tested  at  different  temperature  under  open 
circuit  conditions,  (b)  Comparison  of  impedance  spectra  of  cells  fabricated  by  either 
dry-pressing  or  freeze-tape-casting  method  measured  at  800  °C  and  (c)  Comparison  of 
the  cell  Rp  with  other  publications. 


porosity  of  the  anode,  pH2  and  Ph2o  are  the  partial  pressure  of 
hydrogen  and  water  vapor  in  the  hydrogen  electrode.  The  tortu¬ 
osity  factor  for  the  anode  substrate  by  freeze-tape-casting  process 
is  about  2,  as  obtained  from  mercury  intrusion  method,  while  the 
value  for  the  anode  substrate  made  from  other  traditional  methods 
is  typically  between  two  to  six  with  values  even  as  high  as  ten  [22]. 
Therefore,  the  gas  diffusion  resistance  from  the  anode  fabricated  by 
freeze-tape-casting  process  is  much  lower,  thus  leading  to 
enhanced  cell  performance. 

Fig.  7  shows  the  cell  performance  under  both  the  fuel  cell  and 
electrolysis  modes.  H2  with  a  flow  rate  of  40  seem  was  used  as  the 
carrier  gas  and  the  absolute  humidity  (ATI)  was  controlled  at  30%  in 
the  hydrogen  electrode  while  the  oxygen  electrode  was  exposed  to 
ambient  air.  The  details  about  the  SOEC  setup  and  measurement 
have  been  given  in  our  previous  publication  [14].  The  current  of  the 
cell  was  obtained  by  decreasing  the  cell  voltage  from  1.6  to  0.2  V 
with  a  30  mV  s_1  sweeping  rate.  As  shown  in  Fig.  7,  the  negative 
current  densities  indicate  electrolysis  mode,  and  the  cell  voltage  at 
zero  current  densities  refers  to  open  circuit  voltage.  It  can  be  seen 
that  the  increase  in  the  cell  operating  temperature  can  lead  to 
improvement  of  the  cell  current  density.  At  30%  ATI,  a  cell  current 
density  value  of  2.3  A  cm-2  was  observed  at  800  °C  with  an  applied 
cell  potential  of  1.6  V,  which  is  better  than  our  previous  results 
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Fig.  7.  Voltage-current  density  of  cell  recorded  as  a  function  of  different  operating 
temperature  at  30  vol%  absolute  humidity  in  the  hydrogen  electrode. 

under  similar  testing  conditions  under  the  electrolysis  mode 
[14,23].  It  is  believed  that  the  acicular  pores  in  the  hydrogen  elec¬ 
trode  help  facilitate  diffusion  of  H20  and  H2  molecules  during  the 
electrolysis  process.  In  addition,  the  cell  voltage  varies  linearly  with 
the  cell  current  density  (d2V/di2  =  0),  different  from  our  previously 
convex-up  curve  at  higher  current  density  region  in  the  electrolysis 
mode  ([d2V/di2>0])  [23],  indicating  that  gas  diffusion  resistance 
becomes  much  smaller  in  this  study.  Therefore,  it  can  be  concluded 
that  the  enhancement  of  the  cell  performance  under  the  electrol¬ 
ysis  mode  can  be  attributed  to  the  acicularly  porous  hydrogen 
electrode  microstructure,  which  facilitates  gas  diffusion. 

4.  Conclusions 

A  novel  functionally  graded  and  acicular  hydrogen  electrode 
supported  solid  oxide  cell  has  been  prepared  and  evaluated  for  both 
SOFCs  and  SOECs.  The  novel  hydrogen  electrode  structure  has 
shown  significant  enhancement  on  the  cell  electrochemical 
performance  using  the  conventional  cell  materials.  The  cell 
demonstrates  a  maximum  power  density  of  1.28  W  cm-2  and 
a  polarization  resistance  of  0.166  Q  cm2  at  800  °C  with  3%  H20 
humidified  H2  as  fuel  and  ambient  air  as  oxidant  in  the  fuel  cell 


mode.  A  current  density  of  2.3  A  cm-2  can  be  obtained  at  30  vol% 
absolute  humidity  at  800  °C  with  an  applied  voltage  of  1.6  V  in  the 
electrolysis  mode.  These  results  indicate  that  the  novel  functionally 
graded  and  acicular  hydrogen  electrode  significantly  facilitates  gas 
diffusion,  thus  decreasing  the  concentration  polarization  resistance 
and  enhancing  the  cell  performance. 
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